Tc is the proximal promoter element required for constitutive his3 transcription that occurs in the absence of the canonical TATA element (TR) and is initiated from the +1 site. The Tc element, unlike TR, does not respond to transcriptional stimulation by the GCN4 or GALA activator protein. Analysis of deletion, substitution, and point mutations indicates that Tc mapped between nucleotides -54 and -83 and is a sequence-dependent element because it could not be functionally replaced by other DNA sequences. However, in contrast to the behavior of typical promoter elements, it was surprisingly difficult to eliminate Tc function by base pair substitutions. Of 15 derivatives averaging four substitutions in the Tc region and representing 40% of all possible single changes, only 1 inactivated the Tc element. Moreover, the phenotypes of mutant and hybrid elements indicated that inactivation of Tc required multiple changes. The spacing between Tc and the initiation region could be varied over a 30-base-pair range without significantly affecting the level of transcription from the +1 site. From these results, we consider it possible that Tc may not interact with TFIID or some other typical sequence-specific transcription factor, but instead might influence transcription, either directly or indirectly, by its DNA structure.
The promoter region of the Saccharomyces cerevisiae his3 gene has been studied extensively in an attempt to elucidate the molecular mechanisms of eucaryotic transcriptional regulation ( Fig. 1) . During normal growth conditions, his3 transcription occurs at a basal level (1 to 2 RNA molecules per cell at the steady state) and is initiated with equal efficiency from two sites, +1 and +13 (21) . This constitutive mode of his3 transcription requires a poly(dA) poly(dT) sequence located about 120 base pairs (bp) upstream of the initiation region (20) . However, when cells are subjected to conditions of amino acid starvation, transcription of his3 is induced three-to fivefold over the basal level (26) along with many other amino acid-biosynthetic genes (reviewed in reference 9). This induction is mediated by the global regulator GCN4, which binds to a specific sequence located about 95 bp upstream of the his3 initiation region (1, 10) . Interestingly, GCN4-induced transcription is initiated with a strong preference for the +13 site; the level of +1 transcription is essentially unaffected (22) . This pattern of inducible his3 transcription is also observed in gal-his3 hybrid promoters whose activity depends on GAL4 protein (19) and in promoters whose activity depends on ope suppressor mutations (12) .
Mutational analysis has also identified two downstream promoter elements that are necessary for his3 transcription (22) . The TR element is required for transcriptional activation by GCN4 or GAL4, and it can also support a low level of constitutive transcription dependent on the poly(dA). poly(dT) element (7) . TR contains the sequence TATAAA and hence corresponds to a typical TATA element recognized by the TATA-binding protein TFIID. Almost all single-base-pair substitutions of TATAAA reduce TR function, suggesting that the DNA sequence requirements for this element are fairly stringent (4, 7) . Moreover, the activities conferred by these mutant TATA elements in vivo correlate very strongly with their levels of TFIID-dependent transcription in vitro, indicating that TR functions by interacting with TFIID (28) . his3 transcription mediated by TR is initiated almost exclusively from the +13 site (4, 7, 14, 22) because the element is too close to the +1 site for efficient initiation. Transcription from the +1 site is observed if the distance between TR and the initiation region is increased even by as little as 8 bp (3, 14, 22) .
The other downstream promoter element, Tc, has been inferred from the following observations (17, 22) . First, small deletions (e.g., his3-A22; Fig. 1 ) that remove the TR element do not significantly affect the basal level of his3 expression even though they prevent GCN4 induction. Second, constitutive his3 transcription occurs equally from the + 1 and + 13 sites even though TR does not promote +1 initiation. Third, his3-A38, a deletion that removes sequences from -83 to -35, eliminates both constitutive and inducible his3 expression. Thus, Tc is defined as the promoter-proximal element required for the basal level of transcription that occurs in the absence of TR and is initiated from the +1 site. Taken together, the deletion analyses suggest that Tc includes sequences between -53 and -83. However, this localization must be regarded as preliminary as it relies on relatively large deletions, ignores the possibility of spacing effects between promoter elements, and is complicated by potential interactions (either positive or negative) between TR and Tc.
Several lines of evidence suggest that Tc and TR are functionally distinct elements and that Tc might not interact with TFIID (4, 7, 14, 22, 24 (20) , GCN4-binding site (8, 10) , and TR element (4, 22, 28) over-and underlined and the + 1 and +13 initiation sites indicated by arrows. Constitutive his3 transcription initiates with equal efficiency from both sites, but GCN4-induced transcription occurs with a very strong preference for the + 13 transcript (thick arrow) (14, 22) . The extents of several deletion mutants are shown below the DNA sequence; his3-A22 (17), his3-145 (8), his3-A93 (7), and his3-A38 and his3-A26 (18) have been described previously. The A38, A93, A26, A96, and A95 alleles all contain an EcoRI linker at the site of deletion, while his3-14S and his3-280 are linker-scanning mutations that respectively contain a SacI or an EcoRI site.
Tc element. In this regard, GAL4 and GCN4 are also unable to induce transcription of the divergently transcribed petS6 gene, presumably because its promoter also contains an "uninducible TATA element" (22 Hybrid Tc elements and "filler" mutations were constructed by using fortuitous restriction sites created in the mutated derivatives described above. The his3-275 allele was made by blunting the MluI site in his3-255 and sequentially inserting EcoRI and KpnI linkers; the resulting molecule has a substitution of 11 bp at the 3' end of Tc. DNA containing his3-276 was made by replacing the 12 bp from the center of the BstUI in his3-265 up to the EcoRI site with the 13-bp Smal-EcoRI fragment from the pUC18 polylinker.
The internal deletions his3-A26, his3-A95, and his3-A96 were constructed by fusing his3 sequences from Sc3284, Sc3285, and Sc3286 (endpoints -55, -65, and -75, respectively; Struhl, unpublished) by precise replacement of the his3 chromosomal location as described previously (21) . The resulting derivatives were examined for their growth in the presence of aminotriazole (AT), a competitive inhibitor of the his3 gene product. As shown previously, the degree of AT resistance is directly related to the level of his3 RNA (4, 7, 8, 23) . (gcn4-AJ bas2-2 ura3-52; kindly obtained from Kim Amdt) or KY329 (relevant genotype: ura3-52 his3-TRPI gcn4-Al) (23) .
To analyze his3 transcription directly, total RNAs from cells grown under normal conditions (30°C in YPD broth) were hybridized to completion with an excess of 32P-endlabeled his3 and dedi oligonucleotide probes and treated with S1 nuclease. The products were separated by electrophoresis in 10% denaturing polyacrylamide gels and visualized by autoradiography (4).
RESULTS
Transcriptional initiation pattern mediated by Tc. As mentioned in the Introduction, TR-mediated transcription is initiated almost exclusively from the +13 site (4, 7, 14, 25) .
However, the transcriptional contribution of Tc was difficult to determine because the derivatives examined either contained a functional TR element or had an altered spacing between Tc and the initiation region. To circumvent these problems, we examined the transcription pattern from his3-205, a derivative that contains a point mutation of the TR element (TGTAAA) but retains the Tc element at its normal position in the his3 promoter. As shown in Fig. 2 , the S1 analysis of RNA from the indicated derivatives (see Fig. 1 ), including A200, which completely deletes the his3 promoter region and structural gene. and EcoRI sites at the 5' and 3' ends, respectively, was synthesized with 5% of each non-wild-type nucleotide (lowercase letters) at the relevant positions. This mixture of single-stranded oligonucleotides was converted to double-stranded DdeI-EcoRI fragments by the mutually primed synthesis procedure (13) and cloned into pTZ18-Sc4600, which contains the 1.5-kb SphI-EcoRI fragment corresponding to positions ca. -1500 to -84. The resulting SphI-EcoRI fragments were then cloned upstream of the mutated TR element in YIp55-Sc3745.
vivo. Although the Tc region does not contain a sequence that resembles a consensus TATA element, it does contain a dyad-symmetric sequence between -72 and -58 in which inverted copies of CATTAT are separated by 3 bp. In addition, a related sequence, CATAAT, is found between -64 and -59.
To examine the DNA sequence requirements for Tc function, we analyzed the phenotypes of mutated Tc derivatives in the context of the his3-205 mutation, which inactivates the TR element; as shown in Fig. 2 (Fig. 3) . The resulting molecules were introduced into the yeast genome by gene replacement, and the effect of the mutations on Tc function was determined by monitoring growth in the presence of AT and by measuring his3 RNA levels (Fig. 4) .
Surprisingly, 14 (Fig. 4) showed that this was indeed the case for his3-258, where the level of the +13 transcription was reduced considerably in comparison to the equivalent derivative deleted for the Tc region (his3-A93).
However, the level of TR-mediated transcription from the +13 site was normal in the his3-250 derivative. This indicates that the loss of +1 transcript in his3-250 is not due to a fortuitous repressor inhibiting transcription. Thus, if we exclude the artifactual his3-258 allele, only 1 of the 15 mutated derivatives eliminated Tc function.
Replacing Tc with random sequences. The surprising difficulty in eliminating Tc function by base pair substitutions suggests the possibility that Tc serves merely to provide the proper spacing between other promoter elements [e.g., the poly(dA) -poly(dT) sequence and the initiator element]. In such a model, the actual sequence itself would be dispensable and could be substituted for by random DNA sequences of the same length.
To test this possibility, three such filler mutants were constructed by deleting Tc sequences and replacing them with linker sequences (Fig. 4) . In his3-275 and his3-274, the region between the fortuitously generated MluI site and the EcoRI site of his3-255 was replaced by adjacent EcoRI and KpnI or MluI linkers to yield molecules containing 11-bp substitutions at the 3' end of the Tc region. Strains carrying these substitutions and the TR point mutations grew poorly in AT and had a low expression of the + 1 transcript. A similar result was obtained with his3-276, an allele constructed by replacing the region between the fortuitously generated BstUI site and the EcoRI site of his3-265 with 13 nucleotides from the polylinker of pUC18. However, the his3-276 allele, when present upstream of a wild-type TR element, permitted strains to grow in the presence of AT; this indicates that the loss of + 1 transcription conferred by his3-276 is not due to fortuitous repression mediated through the linker sequence. Therefore, the phenotypes of these three filler mutations and of his3-250 make it highly unlikely that the Tc element is playing a passive role as a spacer sequence.
Hybrid Tc sequences. To investigate which of the six mutations in his3-250, the single nonfunctional Tc derivative, were most contributory to its phenotype, we analyzed hybrid Tc elements composed of sequences from his3-250 and from two functional Tc derivatives that contained fortuitous restriction sites (Fig. 4) . The hybrid sequence in his3-278, which has a wild-type upstream half and point mutations from the downstream half of his3-250, showed somewhat reduced levels of Tc-mediated expression and +1 transcription. A similar derivative, his3-277, which has the nearly wild-type upstream half from his3-265, showed full Tc function. The wild-type phenotype of his3-277 is also noteworthy because this derivative contains a single-base-pair deletion in the center of the Tc region. Therefore, the point mutations present within the downstream half of his3-250 are not sufficient to inactivate the element.
Conversely, strains carrying his3-279, which has the mutations from the upstream half of his3-250 and the downstream half of his3-270, showed a loss of Tc-dependent transcription from the +1 site. This suggests that the three mutations at positions -71, -69, and -66 in his3-250 are primarily responsible for its phenotype. However, the A to G change at -71 and the T to G change at -69 were present in fully functional Tc derivatives (his3-260, his3-267, and his3-268), and a C to G transversion at -66 did not influence Tc activity in the derivatives where it was found (his3-258, his3-261, and his3-268). Taken together, the results suggest that the loss of function in his3-250 is the result of the cumulative effect of point mutations spread over the Tc region.
Effect of spacing on Tc function. The distance between Tc and the initiator element was altered by deletion and insertion of DNA in an effort to detect any spacing requirement for Tc function. The first group of derivatives his3-A97, his3-A98, and his3-A&99) contained the wild-type or his3-250
Tc sequence but not the TR element, resulting in deletions of 10, 14, and 21 bp, respectively (Fig. 5) . Deletions carrying the wild-type Tc sequence showed normal levels of the +1 transcript, except for the case of the 21-bp deletion, where the level was slightly reduced. This transcription depended on the Tc element because the same deletions in the context of the his3-250 allele resulted in low levels of the + 1 transcript similar to that observed in the parental his3-250 strain. To test whether Tc could function at increased distance from the initiator, 12 bp were inserted between Tc and the + 1 site by using a Sail linker. This derivative also showed high levels of + 1 transcription that was eliminated in the presence of the his3-250 allele. Interestingly, the level of the + 13 transcript was significantly reduced, presumably due to the increased distance between Tc and the + 13 site.
A similar initiation pattern was observed when canonical TATA elements were moved further upstream of the his3 initiator elements (3, 14, 16, 22) . Thus, Tc is capable of function over a range of approximately 30 nucleotides.
We also analyzed the transcriptional properties of small TR deletions that were described previously (17) . In comparison to the wild type, strains containing his3-A20, -A22, -A23, and -A24 all showed similar levels of the + 1 transcript (Fig.  6 ), his3 gene product (17) , and AT resistance. This suggests that Tc maps upstream of -53 and that the spacing between Tc and the + 1 site can be reduced by 23 bp with minimal phenotypic effect. In contrast, the his3-A25 and his3-A21 strains had significantly reduced levels of + 1 transcription and their growth was significantly inhibited by AT. Although the phenotype of his3-A21 is difficult to interpret due to the relatively large deletion (50 bp), the initiation pattern of his3-A25 is probably the result of removal of Tc sequences because the change in spacing is very similar to that of his3-A22 and -A23. This suggests that the Tc element includes some sequence located between -54 and -62. BAS2 does not affect transcription mediated by the Tc element. The BAS2 (also known as PHO2) gene product is essential for the basal-level expression of HIS4, a gene that is also activated by GCN4 protein (2). BAS2 is a specific DNA-binding protein, and the sequences of several target sites are known (2). The dyad-symmetric sequence in the Tc region resembles the BAS2-binding sites, and BAS2 activation of his4 transcription does not require the TATA element necessary for GCN4 activation (2) . To investigate the possibility that BAS2 might be the Tc-binding protein responsible for constitutive his3 expression, the phenotypes of the TR deletion mutants were analyzed in a bas2 mutant strain. The level and initiation pattern of his3 transcription conferred by these TR deletion alleles were unaffected in the bas2 strain (Fig. 6) With such constraints, however, one might expect that multiple mutations (found in many derivatives) or a singlebase-pair deletion that should result in a major structural distortion of the dyad-symmetry region (his3-277) would simultaneously inactivate overlapping elements.
We propose a more unconventional model for Tc, namely, that it is a sequence-dependent but not sequence-specific element. In this view, it is the structure but not the precise sequence of the Tc region that is important for its function.
Although such "structural" elements are not characteristic of eucaryotic promoter regions, they do occur in other contexts, such as the A+T-rich sequence in DNA replication origins that appears to be involved in unwinding (27) and the 80-bp A+T-rich element necessary for centromere function (6) . As is the case for Tc, these elements are difficult to inactivate by point mutations; more extensive changes are required. In addition, the Tc region, like these other structural elements, is also A+T rich; however, derivatives with four changes from A or T residues to G (his3-257 and his3-260) had little phenotypic consequence.
In principle, the structure of Tc could influence transcription either directly by some inherent physical property or indirectly by interacting with a protein. Whether it acts directly or indirectly, several specific mechanisms for Tc function can be imagined. The Tc region could assume a conformation that facilitates interaction of RNA polymerase II with the +1 initiator element, facilitates melting of the promoter region, or inhibits local nucleosome formation. In considering such a DNA structure-based transcriptional mechanism, it is interesting that efficient Tc-mediated initiation from the +1 site requires a poly(dA) -poly(dT) sequence (20) and is associated with an altered chromatin structure (evidenced by increased sensitivity to micrococcal nuclease) in the region at or near Tc (22) . Poly(dA) *poly(dT) sequences are inhibitory to nucleosome formation (11, 15) , and they can stimulate transcription by T7 RNA polymerase and RNA polymerase II to comparable extents in yeast cells (5) . Thus, the unusual nature of the Tc element is consistent with previous suggestions that constitutive his3 transcription from the + 1 site may involve effects on the chromatin template (5, 20, 22, 24) and may not require binding of TFIID to the promoter (4, 7, 14, 22, 28) .
